ABSTRACT The effects of dietary lipids and Clostridium butyricum on carcass quality, fat deposition, meat quality, and fatty acid contents of breast meat in broiler chickens were investigated. One hundred sixty one-dayold broiler chicks (Arbor Acres) were divided into 4 treatment groups in a 2 × 2 factorial arrangement and fed 4 diets with 2 lipid sources (soybean oil or fish oil) and 2 levels of C. butyricum (0 or 5 g/kg of diets) were used. Abdominal fat was significantly reduced when chicks were fed the fish oil diet compared with the soybean oil diet (P < 0.01). Fish oil diets increased drip losses of the breast and thigh muscles, thawing losses of breast muscle, and boiling losses of thigh muscle (P < 0.05). Moreover, the C. butyricum diet profoundly reduced shear force of muscle (P < 0.05). The supplementation of C. butyricum increased i.m. fat, the contents of C20:5n-3 (P < 0.05), and total n-3 polyunsaturated fatty acids (P < 0.05) in breast muscle. Additionally, there were significant interactions between lipids and C. butyricum for drip losses of breast muscle (P < 0.01) and boiling losses of thigh muscle (P < 0.05) and for the contents of C20:5n-3 (P < 0.05) and n-3 polyunsaturated fatty acids (P < 0.05) of breast muscle. The results of this study indicate that dietary inclusion of C. butyricum improves meat quality and fatty acid profiles of breast meat in male broilers, particularly interacting with a fish oil diet.
INTRODUCTION
Consumers are becoming increasingly aware of the nutritional quality and healthy benefits of the food they consume. One of the ways they hope to improve their health is by changing lipid content and fatty acid composition of foods. There is no doubt that n-3 fatty acids are important in human nutrition. There is considerable evidence to suggest that long-chain n-3 fatty acids are important to certain tissues such as the brain and retina and play a role in the maintenance of human health by protecting against metabolic diseases (Mori et al., 2000; Kris-Etherton et al., 2002; Delarue et al., 2004; Perez-Matute et al., 2007) . Broiler meat contains high protein and low fat content and has been considered as one of the main sources of polyunsaturated fatty acids (PUFA), in particular n-3 PUFA, for human diets (Howe et al., 2006; Sioen et al., 2006) . It has been shown that the content of n-3 fatty acids in poultry meat, especially as eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3), can be readily improved by increasing the levels of n-3 PUFA in poultry diets through inclusion of oily fish by-products (Hulan et al., 1988) .
The supplementation of probiotics (Bacillus, Lactobacillus, Streptococcus, Clostridium, Saccharomyces, and Candida spp.) to broiler diets improved the characteristics of carcass and meat quality in male broilers (Endo and Nakano, 1999) . Mahajan et al. (2000) reported that the use of probiotics (Lactobacillus acidophilus and Streptococcus faecium) increased moisture, protein, ash, water-holding capacity, emulsion capacity, and stability in broiler meats. Salma et al. (2007) stated in their study that dietary supplementation of bacteria (Rhodobacter capsulatus) could improve fatty acid profile in broilers. Metabolic products of bacteria may be the most important key factors for these changes. Clostridium butyricum is a butyric acid-producing, spore-forming, gram-positive anaerobe that is found in soil and intestines of healthy animals and humans. It is used clinically to prevent disturbances of microflora in the human intestine and to treat diarrhea, enhance humoral immune response, and promote digestion (Ito et al., 1997; Kamiya et al., 1997; Song et al., 2006) . Therefore, the objective of the present study was to explore the effects of dietary lipids and C. butyricum on carcass quality, fat deposition, meat quality, and fatty acid contents of broiler meat.
MATERIALS AND METHODS

Birds, Management, and Diets
A total of 160 one-day-old male chicks (Arbor Acres) with similar BW (42.4 g) were attained from a commercial hatchery (Huadu Broiler Company, Beijing, China) . Chicks were allotted into 4 treatment groups consisting of 5 replicates with 8 birds per replicate at the State Key Laboratory of Animal Nutrition in College of Animal Science and Technology, China Agricultural University. Replicate groups were housed in wire mesh cages (90 cm × 70 cm × 45 cm) with individual feed troughs and a common water trough. All chickens had free access to water and feed. The temperature inside the poultry house was maintained at 35°C during the first 3 d, between 28 and 30°C during the subsequent couple of weeks, and about 25°C in the last 3 wk of the study. Twenty-four hours of constant light was provided throughout the experimental period. The birds were vaccinated against Newcastle and infectious bursal diseases on d 7, 14, and 21. The 4 groups of birds were fed diets containing the following: soybean oil containing 5 g of glucose/kg of diet (SO), soybean oil containing 5 g of C. butyricum/kg of diet (SO + CB), fish oil containing 5 g of glucose/kg of diet (FO), and fish oil containing 5 g of C. butyricum/kg of diet (FO + CB). The composition and fatty acids analysis of the experimental diets are shown in Table 1 . The bacterial strain C. butyricum was provided by Qingdao East Sea Pharmaceutical Co. Ltd., China. The viability of the freezer-dried bacteria was 1.6 × 10 10 cfu/g and was stored at −20°C for later use. The dried C. butyricum powder was mixed with glucose as 1:80 and stored at 4°C before being mixed into broiler diets.
Slaughtering and Tissue Sampling
At d 42, chickens were fasted for 12 h, weighed, and killed by exsanguination while under deep anesthesia by an i.p. injection of sodium pentobarbitone (30 mg/ Marchant-Forde et al., 2008) . The whole slaughtering process was in the local slaughter floor of the laboratory, to avoid birds suffering from stress due to long transport time, according to the specifications outlined in the Chinese legislation. After bleeding for 2 min, birds were scalded in water at 60°C for 2 min before feather plucking by a machine, evisceration, and tissue sample collection.
Abdominal fat was collected as described by Ain Baziz et al. (1996) . Intermuscular fat width was measured according to the methods described by Shao et al. (2009) . Breast muscle and thigh were removed according to the standard method of dissection as described by Jensen (1984) . The ratios of each of these weights to 42-d BW were expressed as percentages: abdominal fat, breast muscle, and thigh muscle. Intramuscular fat content of breast muscle was determined by extraction with ether in a Soxhlet apparatus (method 960.39; AOAC, 1990) , and i.m. fat percentage was calculated.
Meat Quality
Muscles from the left sides of the breast and thigh were used to determine weight, objective color measurements, water-holding capacity, pH, and fat and moisture content. Muscles from the right sides were used to determine shear force values. In the breast and thigh muscles, water-holding capacity was determined as drip loss, cooking losses (Honikel, 1998) , and thawing (refrigerated at −20°C for 24 h and then weighed until meat temperature was equal to room temperature). Shear force of the boiled breast muscles were measured using a TA.XT Plus/50 texture analyzer (Stable Micro Systems, Surrey, UK). Strips [1.0 cm (width) × 1.0 cm (thickness) × 3.0 cm (length)] parallel to the muscle fiber were prepared from the medial portion of the meat and sheared vertically (Molette et al., 2003) . A crosshead speed of 200 mm/min and a 5-kN load cell calibrated to read over a range of 0 to 100 N were applied. Shear force was expressed in kilograms. The pH values were determined at 45 min (initial pH) and 24 h (ultimate pH) postmortem in the breast and thigh muscle at a 2-cm depth (Jaturasitha et al., 2008) , using a portable pH meter (IQ150, IQ Scientific Instruments Inc., Carlsbad, CA) equipped with a stainless electrode (pH57-SS). The color measurement was evaluated at 48 h postslaughter by a spectrocolorimeter (model WSC-S, Shanghai Shenguang Ltd., China) using the CIE-LAB system, where L* = lightness; a* = redness; and b* = yellowness.
Fatty Acid Analysis
Diets and meat samples were analyzed for fatty acid profile. Meat samples were lyophilized (−56°C and 0.145 to 0.133 mbar) to a constant weight using an Edwards Modulyo lyophilizer (Edwards High Vacuum International, Norfolk, UK). Total lipid extracts of samples were transmethylated into fatty acid methyl esters (Sukhija and Palmquist, 1988) . Fatty acids were separated and identified using an HP 6890 gas chromatograph equipped with a flame-ionization detector and a DB-23 capillary column (0.25 mm × 60 m × 0.25 μm; J&W Scientific, Folsom, CA). Helium was used as the carrier gas at a constant flow rate of 1.1 mL/min. The following oven temperature program was used: 180°C held for 10 min, increased to 220°C at 4°C/min, and 220°C held for 15 min, then to 250°C at 3°C/min. A 1-μL sample was injected at a split ratio of 1:20 with an inlet temperature of 250°C. Nonadecanoic acid (C19:0, Fluka, Buchs, Switzerland) was used as the internal standard. Fatty acids were expressed as milligrams per 100 g of diet or muscle (Elkin, 2009 ).
Statistical Analysis
All analyses were performed with SPSS 16.0 software (SPSS Inc, Chicago, IL). Results were expressed as treatment means with their pooled SEM. The data were analyzed by 2-way ANOVA with lipids and C. butyricum as the fixed factors. When a significant interaction effect was found, Scheffe post hoc tests were performed (Chang et al., 2007) . A probability value of P < 0.05 was described to be statistically significant.
RESULTS
Slaughter Weight and Composition
No significant differences were found in slaughter weight and average proportion of breast and thigh among each treatment (Table 2) . Abdominal fat was significantly lower in the broilers fed the FO diet than those fed the SO diet (P < 0.01). The C. butyricumsupplemented diet significantly increased i.m. fat (P < 0.05).
Meat Quality
The L* value of meat color of breast muscle (P < 0.05) was low in the broilers fed the FO diet in comparison with those fed the SO diet (Table 3) . A higher b* value for meat color (P < 0.001) and boiling losses (P < 0.05) of thigh muscle, drip losses for breast and thigh muscle (P < 0.01), and thawing losses for breast muscle (P < 0.05) were detected in the broilers fed the FO diet than in those fed the SO diet. Compared with the no-C. butyricum diet, shear force was significantly reduced in the broilers fed the C. butyricum-supplemented diet (P < 0.05). The significant interactions between lipid type and C. butyricum were clear in drip losses of breast muscle (P < 0.01) and boiling losses of thigh muscle (P < 0.05).
Fatty Acid Contents of the Muscle
The contents of C18:2n-6 (P < 0.001), n-6 PUFA (P < 0.001), and the ratio of n-6:n-3 fatty acids (P < 0.001) were lower in the broilers fed the FO diet than the SO diet (Table 4) . However, the contents of C20:5n-3 (P < 0.001), C22:6n-3 (P < 0.05), and n-3 PUFA (P < 0.001) were higher in the broilers fed the FO diet than the SO diet. The C. butyricum-supplemented diet significantly increased C20:5n-3 and n-3 PUFA in breast muscle of broilers (P < 0.05). The interactions between lipids and C. butyricum were mostly significant in the contents of C20:5n-3 and n-3 PUFA of breast muscle (P < 0.05).
DISCUSSION
In recent years, the high growth performance and improvements in properties of carcasses and meat quality have been beneficial to the poultry industry, especially in broiler production. In particular, the major emphasis has been on better body composition with higher breast meat yield and lower abdominal fat. The present study showed that deposition of broiler abdominal fat could be reduced by supplementing fish oil in the diet. Numbers within a row with different superscripts differ statistically at P ≤ 0.05. 1 n = 10 per treatment group. 2 SO = the treatment of soybean oil with 5 g of glucose/kg of diet; SO + CB = the treatment of soybean oil with 5 g of C. butyricum/kg of diet; FO = the treatment of fish oil with 5 g of glucose/kg of diet; FO + CB = the treatment of fish oil with 5 g of C. butyricum/kg of diet.
3 CB = C. butyricum. 4 Lipid × CB = interaction between lipids and C. butyricum treatment.
*P ≤ 0.05; **P ≤ 0.01. Numbers with different superscripts differ statistically at P ≤ 0.05. 1 n = 10 per treatment group. 2 SO = the treatment of soybean oil with 5 g of glucose/kg of diet; SO + CB = the treatment of soybean oil with 5 g of C. butyricum/kg of diet; FO = the treatment of fish oil with 5 g of glucose/kg of diet; FO + CB = the treatment of fish oil with 5 g of C. butyricum/kg of diet.
3 CB = C. butyricum. 4 Lipid × CB = interaction between lipids and C. butyricum treatment. 5 L* = lightness; a* = redness; b* = yellowness.
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
EFFECTS OF DIETARY LIPIDS AND CLOSTRIDIUM BUTYRICUM
This can be explained because fish oils contain a high proportion of EPA and DHA, which downregulate lipid synthesis and stimulate fatty acid degradation (Xu et al., 1999 (Xu et al., , 2001 Hsu and Ding, 2003) . Another major effect of long-chain n-3 fatty acids (EPA and DHA) is attenuation of very low density lipoprotein secretion from the liver; therefore, plasma triglyceride concentrations are greatly decreased while hepatic lipid content increases (Phillipson et al., 1985; Harris et al., 1990) . Fish oil tended to reduce ultimate pH of breast muscle. Fish oil is liable to oxidization because of a rich source of long-chain PUFA (C20:4n-6, C20:5n-3, and C22:6n-3). This led to a faster pH decline and lower ultimate pH in broiler meat. It has been found that pH is one of the most important postslaughtering factors influencing water-holding capacity of meat. Swatland (1995) noted that the ultimate pH and tempo of pH decline have a significant effect on water-holding capacity of meat. The higher ultimate pH might lead to the stronger water-holding capacity and the lower moisture losses. Higher drip losses of the breast and thigh muscles and boiling losses of thigh muscle and thawing losses of breast muscle were therefore expected for the samples from chickens fed fish oil diets. Incorporation of dietary lipids and C. butyricum in broiler diets had a significant effect on drip losses of breast meat and broiling losses of thigh meat. This might be due to the differences in total lipid contents of the meat. Intramuscular fat is involved in determining meat quality, particularly nutrition, tenderness, flavor, and conservation ability (Ruiz et al., 2001; Van Laack et al., 2001; Chartrin et al., 2006) . Tenderness has been identified as the most important palatability trait of meat and thus the primary determinant of meat quality and the main source of consumer complaint and the primary cause of failure to repurchase (Huffman et al., 1996; Tarrant, 1998; Bindon and Jones, 2001 ). Supplemented C. butyricum in the diet significantly decreased shear force of broiler meat. A positive correlation between i.m. fat content of breast muscle and shear force was observed in this study (r = 0.91). This was consistent with the result reported by McKeith et al. (1985) .
The contents of n-3 PUFA in edible tissues are relatively low when birds are fed traditional diets (Leskanich and Noble, 1997) . The fatty acid composition of poultry meat can be easily modified by dietary means. Fats and oils are important dietary ingredients due to their high energy value, and their fatty acid pattern is to a great extent reflected in animal products (DuranMontge et al., 2007) . As early as 1934, it was shown that dietary fatty acid composition could change the iodine value of egg yolks and adipose tissue in laying hens (Cruickshank, 1934) . Neudoerffer and Lea (1967) indicated that the fish oil diet increased the contents of EPA and DHA in the depot fat and muscle of the turkeys. Several studies demonstrated that the n-3 PUFA content of poultry meat could be elevated through dietary means, such as those contained in fish oil or fish Numbers with different superscripts differ statistically at P ≤ 0.05. 1 n = 10 per treatment group. 2 SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; FA = fatty acids. 3 SO = the treatment of soybean oil with 5 g of glucose/kg of diet; SO + CB = the treatment of soybean oil with 5 g of C. butyricum/kg of diet; FO = the treatment of fish oil with 5 g of glucose/kg of diet; FO + CB = the treatment of fish oil with 5 g of C. butyricum/kg of diet.
4 CB = C. butyricum. 5 Lipid × CB = interaction between lipids and C. butyricum treatment.
meal (Hulan et al., 1988; Nash et al., 1995) . It is well known that fish oil increased the content of long-chain n-3 PUFA in meat, such as EPA and DHA. The results indicated that increasing the concentration of n-3 PUFA in poultry diets resulted in an increase in the n-3 PUFA content of poultry meat. Salma et al. (2007) observed that addition of R. capsulatus into the chick diet altered the fatty acid composition in breast meat. Consistently, we found that dietary C. butyricum moderately decreased the ratio of n-6:n-3 fatty acids in breast muscle and increased EPA and total n-3 fatty acids. Additionally, the ratio of n-6 to n-3 PUFA in the broiler meat was decreased by supplementation of fish oil in diet. The mechanisms by which dietary C. butyricum regulate n-3 fatty acid content of breast meat is not fully understood. Currently, it is well recognized that the probiotics are live microorganisms and cause a positive effect on animal health through administering the digestive tract. One main metabolic product of C. butyricum is butyric acid that provides energy for epithelial growth (Topping and Clifton, 2001 ) and is involved directly or indirectly in various mechanisms regulating cellular differentiation, growth, permeability, and gene expression (Mroz et al., 2006 ). It's speculated that bacterial metabolic products such as butyric acid have an important effect on the digestion process and secretary volume of gut-brain peptide of the host, and these may affect n-3 PUFA absorption in the gastrointestinal tract. On the other hand, PUFA and their metabolite, eicosanoids, are biologically active substances and act as local hormones that control important processes in an organism, mainly in inflammation or immunity, and as messengers in the central nervous system (Makheja, 1992) and increase the colonization of fish intestine with bacteria (Ringo et al., 1998) .
In conclusion, not only shear force of breast muscle was reduced but also the contents of EPA and n-3 PUFA in breast muscle were increased by the synergistic effect of fish oil and C. butyricum supplemented in the broiler diet. The C. butyricum-supplemented diet with fish oil improved the ratio of n-6:n-3 PUFA by altering the fatty acid composition of breast muscle.
